ABSTRACT: In higher plants, the alternative oxidase (AOX) is the terminal oxidase in a mitochondrial electron transport chain thought to allow carbon flow through glycolysis and the citric acid cycle when cellular energy levels are high. In phytoplankton, information is lacking on the taxonomic distribution and metabolic properties of the AOX. We used cyanide-resistant respiration to indicate the presence of the AOX, and the AOX inhibitors, salicylhydroxamic acid (SHAM) and propyl gallate (PG), to estimate the relative activity and capacity of the AOX in axenic cultures of the marine phytoplankton, Chlorella sp. (Chlorophyceae), Clostenum sp. (Zygnematophyceae), Thalassiosira sp. (Bacillariophyceae), Cryptornonas sp. (Cryptophyceae), Ochromonas sp. (Chrysophyceae), and Amphidinium carterae (Dinophyceae), and the freshwater green alga Chlamydornonas reinhardtij. AOX inhibitor effects were higher in stationary phase (nutrient-limited) cultures compared to linearly growing cultures. With the exception of Clostenum, in which respiration was almost completely inhibited by cyanide, estimates of AOX capacity, determined as the effect of AOX inhibitors on cyanide-resistant respiration, were nearly identical using the 2 AOX inhibitors, and ranged from 46 to 113 % of the respiration rates of cultures not exposed to inhibitors. The presence of the AOX in 5 of the 6 marine phytoplankton species tested suggests that the AOX is widespread among phytoplankton. Furthermore, the pronounced inhibitory effect of SHAM and PG added alone to stationary phase cultures of Chlorella, Tlialassiosira, Cryptornonas, and A. carterae (21 to 63 % of uninhibited respiration rates) implies that the AOX contributes substantially to oxygen and carbon cycling in many species of phytoplankton during nutrient deficiency.
INTRODUCTION
In the mitochondria of higher plants, fungi, protozoa, and some microalgae, electron flow can proceed via 2 respiratory pathways with apparently contrasting physiological functions (reviewed in McIntosh 1994 , Moore et al. 1995 , Wagner & Krab 1995 . When electrons pass through the cytochrome pathway (CP), an electrochemical gradient is generated across the inner mitochondrial membrane, and ATP is produced. Alternatively, electrons can be di- 'E-mail: nt.eriksen@biochem.ou.dk verted from the CP at the level of ubiquinone, and passed through the alternative oxidase (AOX), which is not linked to production of an electrochemical gradient or ATP. A proposed role of the AOX is to oxidise excess reducing equivalents and to allow glycolytic and citric acid cycle carbon turnover and biosynthetic precursor provision during elevated cellular energy status where high ATP:ADP ratios restrict electron flow through the CP (Day et al. , 1996 .
The AOX is resistant to potassium cyanide (KCN) and other CP inhibitors, but sensitive to several other compounds, among which salicylhydroxamic acid (SHAM) and propyl gallate (PG) have been used to quantify activity and capacity of the AOX (Bahr & Bonner 1973 , Merller et al. 1988 . Following their convention, AOX activity corresponds to the decrease in respiration rate after addition of AOX inhibitor, while AOX capacity is estimated as the decrease in respiration rate due to AOX inhibition after the CP has been fully inhibited by e.g. KCN. However, the AOX inhibitors (especially SHAM) may cause side effects such as stimulation of non-~nitochondrial peroxidases (Brouwer et al. 1986 , Mraller & Berczi 1986 ) and nonspecific inhibition of the CP (Merller et al. 1988) , and recent evidence indicates that some basic principles justifying the quantification of AOX activity and capacity by inhibitor titrations may be flawed. Estimation of AOX activity is based on the assumption that electrons are not redirected from the AOX to the CP after addition of AOX inhibitor. However, at least in higher plants, inhibition of the AOX may stimulate the CP (Ribas-Carbos et al. 1995 , with the result that the activity of the AOX is underestimated (Wagner & Krab 1995 , Day et al. 1996 . Also, inhibitor-based estimates of AOX capacity may not represent the full capacity, because the activation state of the AOX is regulated by the redox state of the enzyme and the intracellular pyruvate concentration, and the maximum capacity of the AOX therefore may never be attained , Wagner & Krab 1995 .
Although the inhibitor titrations are likely to underestimate AOX parameters because of the problems above, they are useful for gaining qualitative information on the occurrence of the AOX, and minimal estimates of AOX capacity and activity under defined experimental conditions. Such information is particularly valuable in phytoplankton research, where the AOX has been demonstrated only in a few species of limited taxonomic breadth. Early studies revealed that, in addition to cytochrome oxidase, Chlorella contain a second terminal oxidase resistant to inhibitors like KCN, CO, or H,S (Negelein 1925 , Emerson 1927 , Syrett 1951 , Sargent & Taylor 1972 . More recent studies on Chlamydomonas reinhardtii have shown that, although cyanide-resistant respiration through the AOX may exceed the total rate of respiration of cells not exposed to inhibitors, the addition of AOX inhibitors alone has little or no effect on the respiration rate (Peltier & Thibault 1985 , Goyal & Tolbert 1989 , Weger et al. 1990a , Weger 1996 . It therefore has been concluded that the AOX is present but rarely engaged in C. reinhardtii. Cyanide-resistant respiration is especially pronounced during nutrient deficiency (Weger & Dasgupta 1993) , but substantial inhibition of the respiration rate of C. reinhardtii by addition of AOX inhibitors alone has been demonstrated only in cultures that have been exposed to different types of stress (high osmotic pressure or temperature), or enriched with glucose or acetate (Weger & Dasgupta 1993) .
The AOX also has been described in heterotrophic
Euglena gracd~s (Benichou et al. 1988 , Devars et al. 1992 , Larhrissi et al. 1994 and in the red macroalga Grateloupia doryphora (Robaina et al. 1995) , but little is known about the existence and function of the AOX in other algal taxa. Furthermore, the AOX may not be ubiquitous in phytoplankton, as it appears to be missing in the green alga Selenastrum minutum (Weger et al. 1990b . One study, however, suggests that the AOX may be widespread in naturally occurring phytoplankton. Lewitus & Kana (1995) (Chrysophyceae), and Amphidinium carterae (Dinophyceae). Our objectives were to test for the presence of the AOX, compare the relative effects of SHAM and PG on total respiration and on cyanide-resistant respiration, and obtain minimal estimates of AOX capacity and activity of light-and nutrient-limited marine phytoplankton belonging to diverse algal taxa. A similar set of experiments with Chlamydomonas reinhardtii (Chlorophyceae) was included to serve as a basis for comparisons.
MATERIALS AND METHODS
Chlorella sp. HP9101, Closterium sp. HP9101, Thalassiosira sp. HP9101, and Cryptomonas sp. HP9001 were isolated from the Choptank River estuary (a subestuary of Chesapeake Bay) in Maryland, USA.
Ochromonas sp. was isolated from the North Inlet estuary in South Carolina, USA, and ckissified based on pigment composition determined by HPLC analysis (Frigaard et al. 1996) . The cultures were made axenic by single-cell isolation by micropipetting under an inverted microscope, except for Chlorella, which was treated with a mixture of 19 mg 1-' penicillin, 30 mg I-' streptomycin, and 60 mg 1-' neomycin (Lewitus & Kana 1994) . Axenic cultures of Arnphidinium carterae CCMP13 14 and Chlamydomonas reinhardtii UTEX-2337 were obtained from the Provasoli-Guillard National Center for Cultivation of Marine Phytoplankton, USA, and The Culture Collection of Algae at The University of Texas at Austin, USA, respectively. The cultures were regularly tested for contamination by epifluorescence microscopy, after staining with DAPI (4', 6-diamidino-2-phenylindole dihydrochloride hydrate).
All marine species were grown photoautotrophically in batch cultures in f/2-enriched filtered sea water made with twice the concentrations of nitrate and phosphate described by Guillard (1975) . The salinity of the media was adjusted by dilution with distilled water. Arnphidiniurn carterae was grown at a salinity of 30%, and the other marine species at 17%0. Chlamydomonas reinhardtii was grown photoautotrophically in the medium described by Starr (1978) . All cultures were grown at 25OC in continuous light at a photosynthetic photon flux density of 100 to 130 pm01 m-' S-', measured by a Biospherical Instruments Quantum Scalar Irradiance Meter QSL-100 inside growth flasks containing sterile medium.
Respiration experiments were performed on linearly growing (light-limited) or stationary phase (nutrientlimited) cultures. Immediately before measuring respiration, 20 to 100 m1 of culture was centrifuged for 10 min in a Sorvall Ultracentrifuge at 3000 to 7000 X g (depending on species), and resuspended in 2 m1 of growth medium. An aliquot of the concentrated cell suspension was transferred to a 1 m1 closed respiration cell (Strathkelvin Instruments RC 350) equipped with an oxygen micro-electrode (Strathkelvin Instruments 1302 microcathode oxygen electrode). The construction of the measuring cell excluded air bubbles and allowed addition of inhibitors to stirred cultures during the measurements. Prior to the inhibitor additions, the respiration rates of the cell suspensions (determined in the dark from the decrease in dissolved oxygen concentration) were between 2 and 20 pM O2 min-'.
Inhibitors were added (0.5 to 10 p1 per addition) to the measuring cell from stock solutions of 100 mM SHAM and 10 mM PG in 2-methoxyethanol, and 20 mM KCN in water. Additions of similar amounts of 2-methoxyethanol alone did not affect the respiration rate of the algae.
RESULTS
The respiration rate of Clostenurn was almost conlpletely inhibited by KCN (Fig. l ) , indicating little or no AOX capacity in this species. In Cryptomonas, respiration was only partly inhibited, and in Thalassiosira, Ochromonas, Amphidiniurn carterae, and Chlorella, the respiration rate was stimulated by KCN. Stimulation of respiration by KCN is observed in cultures where the AOX capacity exceeds the CP activity, and In titration experiments using AOX inhibitors in combination with KCN (Figs. 2 & 3) , KCN was added at the lowest concentration that gave maximal inhibition (0.25 mM in Cryptomonas) or stimulation (0.1 mM in Thalassiosira, Ochromonas, and A. carterae ; 0.25 mM in Chlorella) of the respiration rate. At these concentrations, the CP was considered to be completely inhibited, and other effects of KCN kept at a minimum. Figs. 2 & 3 show the respiratory responses of the phytoplankton to increasing concentrations of SHAM and PG, with and without prior addition of KCN. All measurements on each species were performed on cells from the same culture harvested during stationary growth phase, because preliminary trials showed higher effects of AOX inhibitors in stationary phase cultures than in cultures in the growth phase. The SHAM-or PG-induced decrease in cyanide-resistant respiration rate in the presence of KCN is designated V,,, (minimal estimate of AOX capacity) and the AOX inhibitor-induced decrease in respiration rate in the absence of KCN is designated v,,, (minimal estimate of AOX activity).
With the exception of Clostenum, in which KCN caused more than a 90% decrease in respiration rate, V,,, measurements were between 46 and 113 % of the respiration rates of uninhibited cultures, suggesting that the AOX is present in relatively high amounts in 5 of the 6 marine species (Figs. 2 & 3) . In fact, in 4 of those species and in Chlamydomonas reinhardtii, estimates of V,,, reached 90% and above. In all species, these estimates varied only slightly with AOX inhibitor type (SHAM and PG responses differed by 1 4 % in Amphidinium carterae and less than 6 % in the other species). Stimulation of resp~ration by SHAM in Chlamydomonas reinhardtii and Chlorella ( Fig. 2A,B) and by PG in Amphidinium carterae (Fig. 3F) prevented proper estimates of v,,, from these experiments. In the other experiments, the effects of SHAM and PG ranged from only a slight reduction of the respiration rates (8 % in C. reinhardtii and Ochromonas exposed to PG) to more pronounced inhibitions of 21. to 63 % in the other species. Also, with the exception of C. reinhardll and Ochromonas, the effect of AOX inhibitor addition on cells from the stations-ry growth phase were consistently higher than on cells from linearly growing cultures. Respiration rates of cells from linearly growing cultures exposed to 1 mM SHAM or 0.1 mM PG are included in Figs. 2 & 3 .
The effects of relatively high concentrations of SHAM and PG on cultures not exposed to KCN were examined in titration experiments conducted on linearly growing cultures where effects from AOX inhibition presumably are at a minimum (Fig. 4) . SHAM concentrations below 5 mM stimulated respiration in Chlamydomonas rein-v.,, = 2 l % hardtii, Chlorella, and Amphidinium carterae (Fig. 4A) , possibly resulting from stimulation of extramitochondrial peroxidases, while SHAM concentrations above 5 mM were inhibitory to all species. PG slightly stimulated respiration in Chlorella, Clostenum, and Cryptomonas at concentrations above 0.5 or 1 mM, but strongly stimulated respiration at much lower concentrations in A. carterae (Fig. 4B ).
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The phytoplankton species used here showed various degrees of insensitivity to KCN and sensitivity to SHAM and PG, when these inhibitors were added to cultures not exposed to KCN. Clostenum was the only species in which respiration was not partly KCN-resistant. Some of the different responses to SHAM and PG by the other species are indicative of side effects that have been attributed to these inhibitors. SHAM-induced stimulation of oxygen uptake by extramitochondrial peroxidases may have occurred in Chlamydomonas reinhardtii, Chlorella, and Amphidinium carterae (Fig. 4A ), as has been described in higher plants (Brouwer et al. 1986 , Moller & Berczi 1986 and in green algae (Torkelson et al. 1995 .
Non-specific inhibition at SHAM concentrations above 5 mM was observed in all species (Fig. 4A) . Inhibition of respiration by PG is thought to b e more specific to the AOX than the more commonly used SHAM (Weger & Dasgupta 1993 , Hoefnagel et al. 1995 , and substantial side effects caused by PG were observed only in Amphidinium carterae (Fig. 4B) . In comparison to SHAM, PG has the reputed disadvantage of relatively poor penetrability . However, our results show that algal cells are permeable to PG, as maximal inhibition was obtained 2 to 3 min after PG additions (consistent with the findings of Weger & Dasgupta 1993).
The respiration rate of Chlamydomonas reinhardtii in the stationary or linear growth phase was stimulated by SHAM and only slightly inhibited (8 %) by PG when added to cultures not exposed to KCN. This is consistent with previous reports that, in both nutrient-sufficient and nutrient-deficient C. reinhardtii, the respiration rate is, at most, only slightly affected by SHAM or PG (Peltier & Thibault 1985 , Goyal & Tolbert 1989 , Weger e t al. 1990a , Weger 1996 . In contrast to C. reinhardtil, however, the respiration rates of stationary phase cultures of Chlorella, Thalassiosira, Cryptomonas, and Arnphidinium carterae were substantially d e q e a s e d (by 21 to 63 %) by SHAM or PG when added alone (Figs. 2 & 3) , suggesting that at least a similar proportion of the total respiration rate was carried out by the AOX. Though C, reinhardtii has been the research subject in almost all recent studies on the AOX in phytoplankton, the difference in AOX inhibitor response between C. reinhardtii a n d other species used in our experiments suggests caution in extrapolating AOX properties in C. reinhardtii to those of other phytoplankton species.
With the exceptions of Chlamydomonas reinhardtii and Ochromonas, AOX inhibitor addition had a relatively greater effect on cultures in stationary growth phase than on those in linear growth phase (Figs. 2 &  3) . These results suggest that a substantial proportion of the AOX may b e engaged in nutrient-depleted phytoplankton, consistent with the proposed role of the AOX as a stress response to nutrient deficiency in higher plants (Rychter & Mikulska 1990 , Rychter et al. 1992 , Hoefnagel et al. 1993 ). However, it should be emphasized that our experiments do not reveal whether the relatively lower inhibition by SHAM or PG in linearly growing cultures resulted from lower AOX activity or from the diversion of electrons from the AOX to the CP upon inhibitor addition (Ribas-Carbos et al. 1995 .
In all species except Closterium, pronounced minimal estimates of AOX capacity were obtained, reaching 90% or more in 5 species. Respiratory inhibi.tor titrations can provide only indirect evidence for the presence of the AOX Direct confirmation of the AOX based on a cross-reaction between cell extracts and a n antibody raised against the AOX from voodoo lily, Sauromatum guttatum (Elthon et al. 1989) , has been reported in Chlamydomonas reinhardtii (Derzaph & Weger 1996) . Also, several studies have demonstrated correlations b e t w e e n AOX inhibitor effects o n cyanide-resistant respiration a n d AOX content in higher plants (Hiser & McIntosh 1990 , O b e n l a n d e t al. 1990, S t e w a r t e t al. 1990, Rhoads & McIntosh 1992, Vanlerb . Moreover, t h e nearly identical V,,, estimates from S H A M a n d PG titration experim e n t s in our study provides further support that t h e effect of these inhibitors o n cyanide-resistant respiration reflects t h e capacity of t h e AOX u n d e r defined experimental conditions.
T h e p r e s e n c e of t h e AOX h a s b e e n reported in s o m e m e m b e r s of Euglenophyceae, Chlorophyceae, a n d Rhodophyceae. This study suggests that t h e AOX also m a y b e present i n m e m b e r s of Bacillariophyceae, Cryptophyceae, Chrysophyceae, a n d Dinophyceae. Although inhibitor titrations m a y provide underestim a t e s of A O X activity a n d capacity, t h e general findings of pronounced AOX inhibitor effects o n stationary p h a s e cultures with or without prior inhibition of t h e CP by KCN suggest that t h e AOX is widespread a m o n g phytoplankton a n d plays a significant role in their metabolism during nutrient deficiency.
